Abstract -Females of the European leaf-cutter bee Megachile (Megachile) pilicrus Morawitz possess a conspicuous brush of stiff, yellowish-red bristles on the ventral side of the trochanter and femur of their hind legs. Observation of pollen-harvesting females in the field and microscope analysis of scopal pollen contents revealed that the hind leg brush is a specialized device for combing pollen from the inflorescences of thistles and knapweeds (Cardueae, Asteraceae), the exclusive pollen plants of M. pilicrus. Hind leg brushes serving the same purpose were found to be also present in several Megachile species belonging to the subgenus Neoeutricharaea, indicating convergent evolution in these two different Megachile lineages. Compared to all other species, the hind leg brush of M. (Neoeutricharaea) apicalis is distinctly less developed which is assumed to be associated with its polylectic habit.
INTRODUCTION
Bees feed their larvae a mixture of pollen and nectar. Many bee species exhibit floral specificity, visiting only a restricted number of plant taxa throughout their geographical range (Robertson, 1925; Michener, 1979; Westrich, 1989; Wcislo and Cane, 1996) . For many of these oligolectic bees, plants of the family Asteraceae play an important role. Graenicher (1935) found that more than half of the oligoleges of a local bee fauna were associated with the Asteraceae. Similarly, over one third of all North American specialist bees are dependent on this plant family (Moldenke, 1979) , and in the western palaearctic anthidiine bees, 23 of the 31 oligolectic species were found to harvest pollen on Asteraceae (Müller, 1996a) . Apart from their abundance of species and their frequent occurrence in most habitats, the high pollen and nectar rewards yielded by the compound inflorescences of the Asteraceae over an extended time period may account for their attractiveness to oligolectic bees.
The majority of bees specializing in Asteraceae use the basitarsal brush of the (fore) legs or the abdominal scopa for pollen collection (Grinfel'd, 1962; Michener et al., 1978; Westerkamp, 1987; Westrich, 1989; Müller, 1996a) . However, both basitarsal brushes and abdominal scopae did not evolve originally as pollen-harvesting tools, the former served primarily as a grooming device (Grinfel'd, 1962; Jander, 1976) , the latter as a pollen transport structure (Westerkamp, 1987; Westrich, 1989) . The only morphological specialization evolved for pollen collection from flowers of the Asteraceae known so far are corkscrew-like hairs on the underside of the thorax of some anthidiine bees used for wiping pollen from the flat inflorescences of some Asteraceae (Müller, 1996a) . The leaf-cutter bee Megachile pilicrus Morawitz, 1878 (Megachilidae) repeatedly observed to collect pollen on Asteraceae (Friese, 1899; Schmiedeknecht, 1930; Benoist, 1940; Dorn and Weber, 1988 ; personal observation) has long been known to possess a conspicuous brush of stiff, yellowish-red bristles on the ventral side of the trochanter and femur of the hind legs. The function of this structure is still unknown, but it is used as a reliable character in determination keys (Friese, 1899; Schmiedeknecht, 1930; Benoist, 1940; Dorn and Weber, 1988; Scheuchl, 1996) . The fact that the specialized pilosity was found to be densely filled with pollen grains in many females collected renders it highly probable that the hind leg brush is a morphological adaptation for pollen collection.
The aim of this study was to examine the hypothesis that the hind leg brush of M. pilicrus is used for pollen removal from the flower heads of Asteraceae, and to search for other western palaearctic Megachile species equipped with a similar specialized device.
MATERIALS AND METHODS

Occurrence of hind leg brushes in the genus Megachile
We examined the females of about 60 western palaearctic Megachile species belonging to all subgenera (according to Michener, 2000) under a dissecting microscope to find species other than M. pilicrus equipped with a hind leg brush. In contrast to Michener (2000) , we retain Eutricharaea Thomson, 1872 and Neoeutricharaea Rebmann, 1967 as different subgenera. M. rubrimana auct. is treated here as a synonym of M. flabellipes Pérez, 1895 (Alfken, 1924; Gogala, 1999) . For elucidating the phylogenetic relationships of the Megachile species concerned we consulted Rebmann (1967) , Dorn and Weber (1988) , Rasmont et al. (1995) , Schwarz et al. (1996), and Michener (2000) . Information on the number of species in the different subgenera of Megachile was drawn from the same publications and from Zanden (1986 Zanden ( , 1992 Zanden ( , 1996 .
Structure of the hind leg brush
A scanning electron microscope was used to compare the hind leg brushes of the different Megachile species.
Pollen-harvesting behaviour
We recorded the pollen-harvesting behaviour of several females of M. pilicrus in the field using a threefold magnifying lens. The field observations took place in the Abruzzo mountains in central Italy in August 2002. In addition, we analyzed photographs of flower-visiting females of M. flabellipes taken in the valley of Aosta in northern Italy in July 1996.
Pollen sources
To assess the pollen plants of the Megachile species equipped with a hind leg brush, we analyzed the scopal contents of females from museum and private collections by light microscopy using the method outlined by Westrich and Schmidt (1986) . Before removing pollen from the female bees, we estimated the degree to which the abdominal scopae were filled. We assigned the amount of pollen to five classes ranging from 5 = full load to 1 = scopa onefifth filled. After removing surface lipids by washing in ether, the pollen was embedded in glycerine gelatine on a slide. We estimated the percentages of different pollen types by counting the grains along four lines chosen randomly across the cover slip at a magnification of 400×. Pollen types represented by less than 5% of the counted grains were not considered to prevent biases caused by contamination. After assigning different weights to scopae according to how filled they were (full loads were five times more strongly weighted than scopae filled only to one fifth), we summed up the estimated percentages over all investigated samples of each species. We identified the pollen grains at a magnification of 400× or 1000× with the aid of the literature cited in Westrich and Schmidt (1986) and a reference collection consisting of pollen samples of more than 500 plant species. Pollen grains were identified down to family level, those of the Asteraceae down to subfamily or tribe level. The classification of the Asteraceae follows Bremer (1994) . We examined 45 pollen loads of M. pilicrus, 30 pollen loads each of M. apicalis and M. flabellipes, 6 pollen loads of M. melanogaster, and 4 pollen loads of M. picicornis. The pollen samples of M. pilicrus originated from Switzerland (19 samples), Italy (14), France (7), Austria (2), Hungary (1), Serbia (1) and Spain (1). Pollen samples of M. apicalis originated from Italy (9), Morocco (6), Spain (6), Greece (3), Croatia (2), France (2) and Switzerland (2). Samples of M. flabellipes were from Italy (20), Switzerland (6) and Croatia (4). Samples of M. melanogaster were from Italy (4) and Spain (2), and those of M. picicornis were from Morocco (2), Algeria (1) and Libya (1).
RESULTS
Occurrence of hind leg brushes in the genus Megachile
M. pilicrus Morawitz, 1878 is not the only western palaearctic leaf-cutter bee with a conspicuous brush of stiff bristles on the ventral side of the trochanter and femur of the hind legs. We found the same structure also to be present in the following species: M. apicalis Spinola, 1808, M. flabellipes Pérez, 1879, M. flavidus Zanden, 1998 , M. kruegeri Friese, 1923 , M. melanogaster Eversmann, 1852 , and M. picicornis Morawitz, 1853 . According to the species description, M. sexmaculata Alfken, 1942 is a further species with specialized hind leg pilosity (Alfken, 1942) .
On the basis of their morphology and according to the literature, the systematic positions of these species are well substantiated. M. pilicrus is a typical representative of the subgenus Megachile Latreille, 1802, whereas the other species all belong to the subgenus Neoeutricharaea Rebmann, 1967 . M. flavidus was described by Zanden (1998) as a subspecies of M. pilicrus. On closer morphological inspection, however, M. flavidus turned out to be different from M. pilicrus belonging to the subgenus Neoeutricharaea and not to Megachile. In summary, one of the at least 11 western palaearctic species of the subgenus Megachile and seven of the roughly 20 species of Neoeutricharaea were found to be equipped with a hind leg brush.
Structure of the hind leg brush
In M. pilicrus, the ventral surface of the trochanter and femur of the hind legs is densely beset with stiff, yellowish-red bristles tapering towards the apex and slightly wavy in the uppermost part (Fig. 1a, 1b, 1c) . The specialized pilosity covers the whole trochanter and the basal two thirds of the femur while the apical third is hairless. When femur and tibia are moved towards each other, the specialized pilosity on the ventral side of the femur comes in contact with the inner surface of the tibia which is mostly hairless except on its apical fifth and along its outer longitudinal border where the same type of specialized bristles are developed. The inner longitudinal border is loosely beset with rather short hairs.
Localization and structure of the specialized pilosity in the different species of the subgenus Neoeutricharaea are the same as in M. pilicrus (Fig. 1d) . Apart from the hair colour, which, depending on the species, varies from whitish and yellowish to brownish, the hind leg brushes are surprisingly similar to that of M. pilicrus. M. apicalis is an exception. Compared to all other species, the density of the specialized bristles on both the trochanter and femur is distinctly less (Fig. 1e) .
In Megachile and Neoeutricharaea species lacking a hind leg brush the trochanter bears normal setae and the ventral side of the femur is naked or at most loosely beset with short and thin hairs (Fig. 1f) .
Pollen-harvesting behaviour
The field observation of pollen-harvesting females of M. pilicrus on Centaurea calcitrapa L. and C. solstitialis L. (Asteraceae, Cardueae) revealed that the hind leg brush is indeed used for pollen removal from Cardueae inflorescences. All females were observed to collect pollen in exactly the same manner: after landing on the flower head the female bee embraced a few neighbouring flowers with the hind leg, squeezed them between femur and tibia and pulled the leg upwards over the pollen-bearing styles thereby combing the pollen grains into the specialized hind leg pilosity. The rapid movements of embracing, squeezing and pulling were performed alternately with each hind leg. During the process of pollen collection, the bee slowly crawled over the flower head using its fore and mid legs, constantly inserting the proboscis into new flowers for nectar uptake. The abdomen was held steeply upwards all the time allowing the hind legs to move freely. After having worked a flower head, the female flew up and hovered for a few seconds nearby. The transfer of the pollen grains from the hind leg brush to the abdominal scopa most probably took place during hovering as could be judged from the rapid movements performed by all legs. The exact manner in which pollen grains are transferred to the scopa could not be ascertained however.
The analysis of photographs of pollen-collecting females of M. flabellipes on Centaurea paniculata L. indicates that this species uses its hind leg brush in the same way as M. pilicrus: in two photographs, femur and tibia of the hind leg can be seen to be in close contact to each other, most probably squeezing a single flower between them (Fig. 2) .
Pollen sources
All pollen samples of M. pilicrus, M. flabellipes, M. melanogaster and M. picicornis consisted exclusively of pollen of the Cardueae (knapweeds and thistles), a tribe of the Asteraceae (Tab. I, Fig. 2 ). While M. picicornis was found to use thistles (pollen of the "Serratula type") to a considerable degree, the other three species seem to collect pollen exclusively or predominantly on knapweeds (Centaurea). M. apicalis turned out to be polylectic, harvesting pollen on six different plant families. Pollen of the Cardueae was represented by 76.2% of the counted pollen grains, however, rendering this plant tribe the most important pollen source for M. apicalis.
DISCUSSION
Our findings clearly support the hypothesis that the hind leg brush of M. pilicrus is a morphological adaptation for pollen removal from the flower heads of Asteraceae. Though the pilicrus. This is supported by the morphological similarity of the specialized pilosity and its identical localization, by the same preferred pollen sources, and by the analysis of photographs of pollen-collecting females. In general, morphological specializations for pollen harvesting are rarely found in bees (Thorp, 1979 (Thorp, , 2000 Westerkamp, 1987; Westrich, 1989; Wcislo and Cane, 1996) . With few exceptions, specialized pollen-collecting devices are known at present to occur in bees exploiting one of the following flower types: (1) nototribic flowers where the raised position of the anthers renders an efficient collection of pollen difficult (Müller, 1996b; Houston, 2000; Thorp, 2000) , (2) flowers where the anthers are concealed within narrow tubes (Müller, 1995; Thorp, 2000; Müller and Kuhlmann, 2003) , and (3) flowers of small size packed in dense inflorescences where the separate exploitation of each flower is inefficient (Müller, 1996a) . The pollen-collecting device of Megachile described in the present publication fits in the third category though an efficient collection of pollen from the inflorescences of Cardueae is also possible without a hind leg brush. At our observation sites in the Abruzzo mountains, females of M. (Megachile) melanopyga Costa, 1863 and M. (Megachile) octosignata Nylander, 1852, both close relatives of M. pilicrus, were observed to use their abdominal scopa for removing pollen from Centaurea. In both species, the hind legs embraced several flowers and guided them under the abdomen while the latter was permanently performing rapid up and down movements, thereby bringing the scopal hairs in contact with the pollen grains sticking to the styles. In the field, pollen-harvesting females of these two species could be distinguished from those of M. pilicrus from some distance as they hold their abdomen much less steeply compared to M. pilicrus (see Results). Many anthidiine and osmiine bees are known to collect pollen on Cardueae inflorescences in much the same way as M. melanopyga and M. octosignata (Westerkamp, 1987; Westrich, 1989; Müller, 1994 Müller, , 1996a ).
The analysis of scopal pollen contents revealed that Megachile species equipped with a hind leg brush collect pollen exclusively or predominantly on Cardueae. Though no pollen samples were available for M. flavidus, M. krügeri and M. sexmaculata, we expect these species to be oligoleges or near oligoleges of Cardueae as well. With the exception of M. pilicrus, M. lapponica (specialized on Epilobium (Onagraceae)), and M. genalis (probably oligolectic on Asteraceae), the European leafcutter bees of the subgenus Megachile are polylectic (Westrich, 1989) . M. genalis and all polylectic species including M. melanopyga and M. octosignata (see above) are known to harvest some of their pollen from Cardueae (Benoist, 1940; Dorn and Weber 1988; Westrich, 1989) . In contrast, no flower or pollen records from Cardueae are known so far for the leafcutter bees of the subgenus Neoeutricharaea which lack a hind leg brush. M. rotundata (Fabricius, 1784 ) is polylectic harvesting pollen from at least six different plant families including Asteraceae but not Cardueae (Westrich, 1989; Rust et al., 2003) , whereas both M. burdigalensis Benoist, 1940 and M. deceptoria Pérez, 1890 were observed to collect pollen mainly from Fabaceae (Benoist, 1940; Dorn and Weber, 1988; Gogala, 1998 Gogala, , 1999 , the latter also on Cucurbitaceae (Rust et al., 2003) .
Hind leg brushes were found to occur in two lineages of Megachile. Therefore, they must have independently evolved at least twice in the leaf-cutter bees. Interestingly, no clear differences could be found in the localization or in the structure of the specialized pilosity between M. pilicrus and the Neoeutricharaea species. An exception is M. apicalis whose hind leg brush is distinctly less developed than that of all the other species. Though it shows a clear preference for Cardueae, we found M. apicalis to use many other pollen sources as well. This finding is confirmed by Benoist (1940) , Dorn and Weber (1988) and Westrich (1989) who observed M. apicalis collecting pollen on Asteraceae, Fabaceae and Apiaceae. This suggests that the weaker hind leg brush is associated with the polylectic habit. The question then arises whether in M. apicalis a shift from oligolecty to polylecty has occurred with a corresponding reduction in the hind leg brush or whether this species is on its way to becoming a specialist of Cardueae thereby developing a new brush. As the polylectic habit was found to be the derived state in many bee lineages (Kratochwil, 1984; Westerkamp, 1987; Westrich, 1989; Müller, 1996a; Michener, 2000) , we hypothesize that the ancestors of M. apicalis were oligoleges of Cardueae and that parallel to the shift to polylecty the hind leg brush of M. apicalis was reduced. Only a cladistic analysis would allow a test of this hypothesis. However, due to the poor taxonomic and systematic state of knowledge on the palaearctic Megachile species, such an analysis seems premature.
Résumé -Un dispositif spécialisé dans la récolte du pollen chez des abeilles paléarctiques occidentales du genre Megachile (Hymenoptera, Apoidea, Megachilidae). Les abeilles nourrissent leurs larves avec un mélange de pollen et de nectar. Alors que l'on connaît de nombreuses adaptations morphologiques pour la récolte du nectar, les équipe-ments morphologiques spécialisés pour la récolte du pollen sont restreints aux espèces d'abeilles qui (1) récoltent le pollen sur les fleurs où les anthères sont en position élevée, (2) exploitent les fleurs dont les anthères sont cachées à l'intérieur de tubes étroits ou (3) visitent les fleurs qui sont disposées en inflorescences serrées. Les femelles de l'abeille européenne Megachile (Megachile) pilicrus Morawitz possèdent sur la partie inférieure du trochanter et du fémur des pattes postérieures une brosse épaisse spectaculaire de soies raides de couleur rouge jaunâtre, dont la fonction est inconnue (Fig. 1 a-c) . Le fait que les brosses des pattes postérieures soient souvent densément remplies de pollen chez les femelles qui butinent laisse à penser qu'il s'agit là d'une adaptation morphologique spécialisée dans la récolte du pollen. Nous avons vérifié cette hypothèse en observant sur le terrain des femelles butinant des fleurs et en analysant au microscope les charges de pollen de ces insectes. Nous avons aussi recherché, chez environ 60 autres espèces ouest-paléarctiques de mégachi-les, la présence de brosses semblables sur les pattes postérieures. L'observation de butineuses de pollen de M. pilicrus dans la région des Abruzzes (Italie) a montré que les brosses des pattes postérieures servaient à récolter le pollen des centaurées et des chardons (Cardueae). Les femelles entourent quelques fleurs avec une patte postérieure, les pressent entre le fémur et le tibia et tirent la patte refermée vers l'arrière et le haut au-dessus des styles porteurs de pollen, puis elles peignent les grains de pollen et les font s'accrocher dans la pilosité spécialisée de la patte postérieure. Ces mouvements sont effectués alternativement par chaque patte postérieure. La relation étroite de M. pilicrus avec les représentants des Cardueae a été prouvée par l'analyse microscopique de nombreuses charges polliniques récoltées par les femelles dans diverses régions d'Europe. Les brosses des pattes postérieures ont été également étudiées chez sept espèces de Megachile du sousgenre Neoeutricharaea. Elles ont dû évoluer chez les abeilles du genre Megachile indépendamment au moins à deux reprises. La position identique et la structure semblable des soies spécialisées (Fig. 1 de) , ainsi que le fait que toutes les espèces de Neoeutricharaea étudiées récoltent uniquement ou de pré-férence le pollen des Cardueae, font conclure que les brosses des pattes postérieures possèdent la même fonction que celle de M. pilicrus. M. (Neoeutricharaea) apicalis se distingue de toutes les autres espè-ces étudiées par le développement plus faible de la pilosité spécialisée. Elle est aussi la seule espèce étu-diée qui exploite, outre les Cardueae, de plantes de nombreuses autres familles botaniques (Tab. I). 
Megachile
